Mesenchymal cell motility is driven by polarized actin polymerization [1] . Signals at the leading edge recruit actin polymerization machinery to promote membrane protrusion, while matrix adhesion generates tractive force to propel forward movement. To work effectively, cell motility is regulated by a complex network of signaling events that affect protein activity and localization. H 2 O 2 has an important role as a diffusible second messenger [2] , and mediates its effects through oxidation of cysteine thiols. One cell activity influenced by H 2 O 2 is motility [3] . However, a lack of sensitive and H 2 O 2 -specific probes for measurements in live cells has not allowed for direct observation of H 2 O 2 accumulation in migrating cells or protrusions. In addition, the identities of proteins oxidized by H 2 O 2 that contribute to actin dynamics and cell motility have not been characterized. We now show, as determined by fluorescence lifetime imaging microscopy, that motile cells generate H 2 O 2 at membranes and cell protrusions and that H 2 O 2 inhibits cofilin activity through oxidation of cysteines 139 (C139) and 147 (C147). Molecular modeling suggests that C139 oxidation would sterically hinder actin association, while the increased negative charge of oxidized C147 would lead to electrostatic repulsion of the opposite negatively charged surface. Expression of oxidation-resistant cofilin impairs cell spreading, adhesion, and directional migration. These findings indicate that H 2 O 2 production contributes to polarized cell motility through localized cofilin inhibition and that there are additional proteins oxidized during cell migration that might have similar roles.
RESULTS AND DISCUSSION

H 2 O 2 Is Elevated in Migrating Cell Protrusions
To determine whether H 2 O 2 is increased in motile cells, we imaged cytoplasmic and plasma-membrane-targeted forms of the HyPer probe (HyPer-cyto and HyPer-PM; Figures S1A-S1G and S2A-S2E) [4, 5] by fluorescence lifetime imaging microscopy (FLIM) [6] . 
Protein Oxidation in Cell Migration
Cell-permeable 5,5-dimethyl-1,3-cyclohexanedione (dimedone) was used to label oxidized proteins by irreversible reaction with cysteine sulfenic acid ( Figure 2A ) [7, 8] . Stationary confluent cells and scratch-wounded migrating cells were left for 3 hr and then incubated with or without 5 mM dimedone for 1 hr (Figure 2B) . Increased dimedone incorporation indicated that cell migration promotes protein oxidation.
For identification of oxidized proteins, a filter-aided sample preparation (FASP) method [9] concentrated proteins prior to tryptic digestion, followed by tandem mass spectrometry (MS). Dimedone-conjugated peptides were identified by searching for 138-Da mass-to-charge shifts rather than post-lysis 57-Da iodoacetamide-induced shifts. Actin-regulating cofilin was identified with dimedone labeling on cysteines 139 (C139) ( Figure 2C ) and 147 (C147) (data not shown). Immunoprecipitation and western blotting revealed that cofilin was more dimedone labeled in migrating relative to stationary cells ( Figures  2D and 2E ).
C139 and C147 Oxidation Inhibits Cofilin Activity
Cofilin regulates cytoskeletal dynamics through activities including G-actin sequestration [10] . Based on the human cofilin structure (PDB: 4BEX) [11] and G-actin associated with the twinfilin C-terminal cofilin-like domain (PDB: 3DAW) [12] , a cofilin/ G-actin model predicts C139 and C147 at the binding interface ( Figure 3A ). Oxidation increases their van der Waals radii ( Figure 3B ), which could block actin binding, particularly for C139 that sits adjacent to actin K328 ( Figure 3A) . Electrostatic surface potential mapping suggests that C139 and C147 (Figure S3A ) oxidation to sulfenic ( Figure S3IB ) or sulfinic acid (Figure S3C) would increase negative charges such that consequent electrostatic repulsion with actin surface residues, such as E241 located adjacent to cofilin C147, could impair binding. Recombinant cofilin bound G-actin-ATP at a 1:1 ratio with 2.0 mM binding affinity (1/K A ) by isothermal titration calorimetry (ITC; Figure 3C ), approaching previous values [13] . C139 and C147 were mutated to aspartic acid (C139D/C147D), with their b-carboxylic acid mimicking the increased side-chain volume and negative charge of sulfinic acid. C139D/C147D protein folding was validated by thermal shift assay ( Figure S3D ) [14] , but G-actin binding was not detected by ITC ( Figure 3D ), indicating decreased affinity.
Pelleting equivalent F-actin (21 mM) by ultracentrifugation revealed that associated WT cofilin was significantly reduced by 10 mM H 2 O 2 pre-treatment ( Figures 3E and 3F ). However, C139A/C147A (AA) cofilin resisted the H 2 O 2 -induced reduction in F-actin association ( Figures 3E and 3F ). Pelleting 10 mM F-actin with varying cofilin concentrations, with or without 10 mM H 2 O 2 pre-treatment, revealed 7-fold lower associated cofilin after oxidation ( Figure 3G ). These results indicate that oxidation inhibits cofilin binding to F-actin, consistent with reduced actin-cofilin binding following taurine chloramine treatment of lymphoma cells to induce cofilin oxidation [15] .
For analysis of how cofilin oxidation affected F-actin regulation, ultracentrifugation separated 21 mM actin into G-actin supernatant (S) and F-actin pellet (P) fractions [16] . G-actin was entirely in the S fraction, while polymerization redistributed F-actin toward the P fraction ( Figure 3H ). Addition of 10 mM cofilin shifted F-actin toward the G-actin S fraction, which was inhibited by 10 mM H 2 O 2 pre-treatment ( Figure 3H ). Next, immobilized rhodamine-labeled 2 mM F-actin was incubated for 30 min with no addition ( Determination of occurrence of F-actin filament lengths is described in Supplemental Information. Untreated cofilin reduced the number of long F-actin filaments (>0.5 mm), while 10 mM H 2 O 2 pretreatment partially inhibited this effect on filaments >2.5 mm and completely blocked the reduction in filaments between 0.5 and 2.5 mm (Figure 3J) . These results indicate that cofilin oxidation reduced F-actin severing. Further support for this conclusion is based on pyrene-actin assays described in Figures S3E-S3K . Interestingly, C139 and C147 are not conserved in cofilin2 or actin-depolymerizing factor (ADF), or in cofilin homologs across kingdoms, suggesting that regulation by oxidation may be restricted to cofilin and only in higher species [11, 17] Cofilin Oxidation Contributes to Adhesion and Directional Cell Migration Dynamic and spatially restricted cofilin regulation of F-actin is required for membrane protrusions that promote cell spreading and adhesion [18, 19] . The role of cofilin inactivation by oxidation in cells was determined by comparing the effects of wild-type or oxidation-resistant cofilin expression. The cell index (CI) parameter, which reflects spreading and adhesion [20] , was measured for MDAMB231 cells expressing mCherry fluorescent protein (Cherry), mCherry-cofilin (Ch-CFL), or oxidation-resistant mCherry-cofilin C139/147A [Ch-CFL(AA)] ( Figure S4A ). During the 3 hr after plating, Ch-CFL(AA) cells had significantly lower CI than Cherry or Ch-CFL cells ( Figures 4A and 4B) , indicating reduced adhesion, spreading, or both. To determine whether C139 or C147 oxidation was sufficient for this effect, we compared mCherry-cofilin C139A [Ch-CFL(C139A)] or mCherrycofilin C147A [Ch-CFL(C147A)] ( Figure S4B ) CI measurements with those of wild-type Ch-CFL. Although each substitution trended toward decreased CI, neither was statistically significant (Figures 4C and 4D) . Ch-CFL(AA) cells had significantly reduced adhesion 3 hr after plating ( Figure 4E ) that paralleled decreased CI ( Figure 4B ), suggesting that reduced adhesion contributed to lower CI. Actin dynamics also contribute to cell stiffness [21, 22] . Nanoindentation with atomic force microscopy (AFM) [23] revealed that Ch-CFL or Ch-CFL(AA) expression both significantly increased the Young's elastic modulus of individual MDAMB231 cells ( Figure 4F ), indicating that cofilin functions independent of C139/C147 oxidation to regulate cell stiffness. Tracking twodimensional (2D) individual cell movement for 4 hr after plating revealed that overall speeds of Cherry ( Figure 4G ), Ch-CFL (Figure 4H) , and Ch-CFL(AA) ( Figure 4I ) cells were unaffected, but directional motility of Ch-CFL(AA)-expressing cells was significantly reduced relative to Cherry-expressing cells ( Figure 4J ), indicating that localized cofilin oxidation contributes to maintaining persistent cell movement.
We propose that H 2 O 2 is generated at migrating cell leading edges, and consequently oxidation of proteins such as cofilin is increased. Oxidation on C139/C147 reduces cofilin activity, thereby enhancing either or both F-actin stability and net actin polymerization proximal to the front. Consistent with this, instan- taneous chromophore-assisted laser inactivation revealed that active cofilin normally promotes lamellipodial F-actin turnover [24] . An additional potential contributing factor is that oxidized cofilin at plasma membranes is likely to be inactivated by membrane lipid association, unlike reduced cofilin that was shown to be insensitive to phosphatidylinositol 4,5-bisphosphate (PIP 2 )-induced inhibition [25] . Furthermore, cofilin oxidation might reduce competition with myosin II for F-actin binding, thereby enabling development of actin-myosin cortical tension that contributes to cell motility independent of F-actin turnover [26] . Localized control of cofilin activity through oxidation enables cells to harness actin-myosin dynamics required for directional migration. Consistent with this, externally applied H 2 O 2 increased F-actin retrograde flow, cell protrusions, and directional migration [27] . The number of proteins oxidized during cell migration ( Figure 2E ) suggests that more proteins regulated in this manner may contribute to actin cytoskeletal dynamics. 
